Carbon attachment on the aluminum nitride gate dielectric in the pentacene-based organic thin-film transistors
I. INTRODUCTION
Due to their low-temperature processing and low-cost manufacturing, organic thin-film transistors ͑OTFTs͒ are currently the focus of considerable research for applications requiring displays and flexible electronics. [1] [2] [3] However, the high operating voltage of organic transistors remains a limitation. The operating voltage can be lowered by enhancing capacitance with a thin gate dielectric 4 or a high-dielectricconstant ͑high-k͒ gate dielectric. 5 Aluminum nitride ͑AlN͒ is a high-k material with a low operating-voltage gate dielectric used in pentacene-based OTFTs. 3 AlN films have high chemical and physical stability, as well as high dielectric permittivity. 6 For pentacene-based OTFT applications, the AlN dielectric can be fabricated at a low temperature ͑ϳ150°C͒ using a radio-frequency ͑rf͒ sputtering system. The AlN dielectric has a similar surface energy to pentacene. 3 This article presents a discovery of attaching carbon to the AlN gate dielectric surface that greatly improves the performance of OTFT devices. Carbon is attached on the AlN surface in a dry box before pentacene deposition. Carbon attachment is a common phenomenon that has been studied in indium tin oxide and organic light-emitting devices. 7, 8 Low surface energy and high water contact angle after carbon attachment on the surface were reported. 9 In pentacenebased OTFTs, surface energy is a key issue affecting pentacene growth. Previous studies show that pentacene growth on surfaces with a low surface energy increases device performance. 10, 11 Carbon attachment causes variations in surface energy, which may become an important issue in fabricating high performance OTFT devices.
II. EXPERIMENTAL PROCEDURES

A. Film deposition and device fabrication procedures
Heavily doped n-type silicon ͑100͒ wafers with a doping concentration of 5 ϫ 10 15 cm −3 were used as substrates. 1000 Å AlN film was deposited on these silicon wafers. The AlN film was deposited at a low temperature ͑150°C͒ ͑substrate temperature͒ using a rf-sputtering system. 3, 12 Before AlN film deposition, the silicon wafer was cleaned with deionization water ͑DI water͒ and then acetone in an ultrasonic cleaner. The wafer was then dipped in diluted HF solution ͑HF: H 2 O=1:100͒ to remove native oxide from the silicon wafer. Finally, the wafer was immediately transferred to the rf-sputtering system. The system was set to a base pressure of less than 2 ϫ 10 −6 torr before admitting gas. Mass flow controllers monitored mixed argon and nitrogen gas at an Ar/ N 2 ratio of 2/9. The total pressure for AlN film deposition was 2.5 mtorr. All relevant experimental details have been published elsewhere. 3, 12 After AlN film deposition, the samples were placed in a dry box ͑Ace Dragon Corporation's Dr. Storage Series, model AD315͒ for different periods of time, allowing the AlN surface to absorb different amounts of carbon. Humidity in the dry box was set to 35% at room temperature. A rectangular piece of pentacene ͑Aldrich Chemistry, not purified͒ defined by a shadow mask was then deposited on the AlN surface. The AlN/Si͑100͒ substrate was heated to 70°C during pentacene deposition at a pressure of 3 ϫ 10 −6 torr. The pentacene film was 1000 Å thick, and the a͒ Author to whom correspondence should be addressed. Electronic mail: hsiaowen@mail.nctu.edu.tw.
deposition rate was 0.5 Å/s as monitored by a quartz crystal oscillator. Finally, 100 nm thick Au pads were deposited through a shadow mask to function as the source and drain contacts. The device channel width and length were defined as 1000 and 400 m.
B. Characterization
X-ray photoelectron spectroscopy ͑XPS͒ ͑model ESCA PHI1600͒ was used to analyze the surface composition and chemical bonding states of a material using a monochromated Mg K␣ line at 1253.6 eV. The instrument base pressure was 5 ϫ 10 −9 torr. The C 1s at 284.5 eV was used as a reference for all detected peak positions. To separate chemical bonding states in the XPS spectra, the spectral line shape was simulated using a suitable combination of Gaussian and Lorentzian functions.
This study used contact angle measurements to determine the migration of hydrophobic and hydrophilic functional groups. The water contact angle was sensitive to the chemical composition of the film surface. 13 The contact angles in this study were obtained by the KRŰSS contact angle system for universal surface testing ͑model GH-100͒. Material surface energy was then derived using three standard liquid contact angles ͑DI water, diiodo-methane, and ethylene glycol͒. The surface energy was calculated using Fowkes and Young's approximation, as in Eq. ͑1͒ ͓Eq. ͑1͔͒,
where is the measured contact angle, ␥ L is the tested liquid surface energy and is the sum of its dispersion ␥ L d and polar part ␥ L p , and ␥ S d and ␥ S p are the dispersion and polar components, respectively, of solid surface free energy. The contact angles of three standard liquids ͑DI water, diiodo-methane, and ethylene glycol͒ were measured to obtain values of ␥ S d and ␥ S p . All relevant surface energy details have been analyzed elsewhere. 16 
III. RESULTS AND DISCUSSION
A. Device characteristics
Pentacene-based OTFTs were fabricated on AlN dielectric surfaces that were aged in a dry box for various periods of time. Differences in aging time revealed the effect of carbon attachment on the performance of AlN dielectric OTFTs. All electrical characteristics of OTFTs were measured using Agilent 4156 and Agilent 4284 analyzers. Figure 1͑a͒ compares the transfer characteristics of OTFTs fabricated on an as-deposited AlN surface and on an AlN surface that was aged ͑with carbon attached͒ in a dry box for 14 days. Table I lists the typical parameters of OTFTs extracted from the data in Fig. 1͑a͒ , including mobility, threshold voltage, I on / I off current ratio, subthreshold swing, and interface state density ͑N S.S. ͒. The mobility and threshold voltage values are extracted by the slope and intercept of the square root of drain current ͑I D ͒ versus gate voltage ͑V G ͒ curves in Fig. 1͑a͒ , respectively. The interface state density was extracted using Eq. ͑2͒, as proposed in Ref. 17 ,
where q is the electron charge, S is the subthreshold swing, T is the temperature, k is the Boltzmann constant, and Ci is the insulator capacitance per unit area. Figure 1͑b͒ shows the hysteresis of OTFT transfer characteristics ͓Fig. 1͑a͔͒. OTFTs fabricated on the 14 day aged AlN surface markedly outperformed OTFTs on the asdeposited AlN surface. OTFTs fabricated on the 14 day aged AlN surface exhibited steep subthreshold characteristics ͑S.S.͒, low hysteresis, high field effect mobility ͑ FE ͒ in the saturation region, and low interface trap density ͑N S.S. ͒. The right side of Fig. 1͑b͒ shows the leakage-current densities of the AlN dielectrics ͑aged or not͒, which were measured using the Au/AlN/Au structure. The top of this figure also shows the electric field across the Au/AlN/Au structure. The leakage-current density on the 14 day aged AlN surface slightly increases. This increase in leakage-current density indicates the existence of an additional route for charge to transfer after the exposure of AlN to air. Note that the leakage-current densities in all samples aged for 14 days are below 10 −7 A / cm 2 , which still meets OTFT requirement. Figure 1͑c͒ plots the output characteristics of OTFT samples. A higher output current occurs in OTFTs fabricated on the aged AlN surface. Figure 2 compares the field effect mobilities of OTFTs fabricated on AlN surfaces aged at various times. In the field of organic electronics, mobility usually varies from device to device. The level of variation is expressed by an error bar that was calculated from five different devices with the same fabrication condition. Higher field effect mobilities occur for the pentacene-based OTFTs fabricated on aged AlN surfaces. Mobility increases with the AlN surface aging time. OTFTs fabricated on the 14 day aged AlN surface exhibited the highest mobility at 0.67 cm 2 / V s. This improved carrier transport is attributed to the pentacene growth on the carbon attached AlN surface. The following sections describe and discuss this carbon attachment phenomenon and influence for pentacene-based OTFTs.
B. AlN film surface energy
Low dielectric surface energies can improve the carrier mobility of pentacene-based OTFTs. 10, 11 Research shows that hydrophobic dielectrics provide a low energy surface that matches pentacene thin films. The hydrophobic surface ͑low surface energy͒ enables the pentacene molecules to align vertically in favor of carrier hopping among the -orbitals, thus improving electrical characteristics.
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The circle symbol in Fig. 3͑a͒ represents the water contact angles on the AlN surface over various aging times. The water contact angles are approximately 38.3°on the asdeposited AlN surface and 79.2°on the AlN surface aged for 14 days. The water contact angle increases with aging time. The surface energy is derived from the measured liquid contact angles of DI water, diiodo-methane, and ethylene glycol in Fig. 3͑a͒ . Figure 3͑b͒ plots the surface energy and their corresponding polar and dispersive components. The surface energy and its polar component decrease as the aging time increases. This indicates that the reduction in surface energy is primarily due to the decrease in the polar component. The reduction in the surface energy's polar component over aging time is attributed to carbon attachment based on the XPS C 1s spectra presented in Sec. III C.
C. Surface chemistry of aged AlN film
To understand the surface chemistry of carbon on an aged AlN surface, the AlN surfaces were characterized using XPS. Figures 4͑a͒ and 4͑b͒ show the XPS C 1s spectra from the as-deposited and 14 day aged AlN surfaces. The curve-fit data in Figs. 4͑a͒ and 4͑b͒ indicate that the C 1s signal consists of a C = C peak at 284.5 eV, a C-O peak at 286.7 eV, and an O-C=O peak at 288.5 eV. [18] [19] [20] An increased C = C peak intensity appears on the aged AlN surface. The enhanced C 1s peak at 284.5 eV corresponds to C = C bonds, suggesting the occurrence of carbon attachment on AlN sur- faces. The enhanced carbon attachment on the AlN surface makes the surface hydrophobic and lowers the surface energy.
The carbon required for carbon attachment to occur probably comes from the atmosphere during sample transfer or from the surface of the dry box at room temperature. However, the following argument shows that carbon in the atmosphere is most likely not the possible source of contamination. The AlN surface energy maintains the same value if the as-deposited AlN is removed from the deposited chamber and then put into a vacuum bag for 30 days at less than 1 atm using a vacuum sealing system ͑FoodSaver Co., model VAC550͒. This means that the short air exposure time before putting the AlN samples into the vacuum bag would not affect the AlN surface energy. In other words, the change in AlN surface energy is due to carbon desorption from the surface of the dry box at room temperature for a long stay time.
The signals of oxidized carbon components, C-O and O-C=O, decrease when carbon attaches to the AlN surface. This result agrees with the reduction in polar component surface energy at longer aging times in Fig. 3͑b͒ . This reduction in surface energy is thus attributed to carbon attachment that may enhance C = C bonds and reduce the relative amount of C-O and O-C=O bonds on the aged AlN surface. Carbon attachment reduces polar functional groups and surface energy to match the pentacene surface energy. Similar to the dielectric surface treated with a self-assembled monolayer ͑SAM͒ before pentacene growth, the organic SAM material increases the C = C signal on the dielectric surface and enhances the performance of pentacene-based OTFTs. 16, 21, 22 
D. Pentacene morphology
The reduction in surface energy plays an important role in affecting pentacene growth and morphology. Figures 5͑a͒-5͑d͒ present atomic force microscope ͑AFM͒ images of pentacene deposited on an AlN surface. These AFM images were measured using an AFM ͑Dimension 3100, Digital Instrument͒ in tapping mode. Surface roughness and surface energy affect pentacene growth. Previous research shows that surface roughness has an effect on pentacene growth. 23, 24 The AlN surface roughness remains about the same after aging for 14 days. The surface roughnesses of all AlN surfaces remain at 0.24Ϯ 0.02 nm. Therefore, pentacene growth is not affected by surface roughness in this study. Figures 5͑a͒ and 5͑b͒ show the morphologies of pentacene islands on the as-deposited AlN surface and the 14 day aged AlN surface in the initial deposition stage. The AFM images above demonstrate that a fixed amount of pentacene deposited on the aged AlN surface creates larger islands and covers a larger area than the same amount of pentacene deposited on the as-depositing AlN surface. The fixed amount of pentacene was controlled using the same deposition rate and deposition time in the same run. Pentacene covers approximately 29% of the as-deposited AlN surface and 53% of the 14 day aged AlN surface. The larger island size and area coverage on the aged AlN surface are strongly correlated with a lower AlN surface energy due to carbon attachment. The C = C bonds on the aged AlN surface seem to enhance the larger pentacene island growth and greater area coverage. Moreover, high pentacene coverage may produce the high OTFT performance reported by Kelley et al. 25 Pentacene voids seem to form more easily at the island boundaries when the pentacene islands exhibit lower coverage. The probable voids in island boundaries may limit carrier transport and decrease carrier mobility. 26 It was reported that voids and successive incomplete layers ͑islands͒ can be reduced by pentacene deposition on a low surface energy gate dielectric or a low polar energy surface. 26 These results are consistent with the surface energy, mobility, and hysteresis data presented in Secs. III A and III B.
Figures 5͑c͒ and 5͑d͒ show AFM images of 1000 Å thick pentacene deposited on as-deposited AlN surfaces and 14 day aged AlN surfaces, respectively. Large and dendritelike grains appear in the thick pentacene film grown on both kinds of AlN surface. The pentacene grain on the asdeposited AlN surface is larger than that on the 14 day aged AlN surface. A strong correlation exists between pentacene morphology and device performance, and a larger pentacene grain size usually exhibits higher mobility. However, the results of this study seem to show the opposite of this. The level of OTFT mobility reflects the carrier transport near the pentacene-AlN interface. The pentacene grain size at the initial stage is more dominant, as shown in Figs. 5͑a͒ and 5͑b͒ above. Pentacene islands are larger on the 14 day aged AlN surface than on the as-deposited AlN surface. The improved pentacene-based OTFT carrier transport on the aged AlN surface is thus attributed to larger pentacene islands near the carrier transport channel.
Moreover, the performance of OTFT devices can also be affected by various factors, including dielectric surface roughness and dielectric surface wetting properties. 23 Knipp et al. showed that the pentacene grain exhibits high electrical characteristics when the dielectric surface chemistry became hydrophobic. Note that the 14 day aged AlN surface is also hydrophobic, which may contribute to the higher mobility of the OTFTs.
IV. CONCLUSION
This study investigates carbon attachment on the AlN gate dielectric in pentacene-based OTFTs and establishes the relationship between carbon attachment and electrical characteristics in pentacene-based OTFTs. The OTFTs fabricated on the AlN surface aged for 14 day exhibited greater C = C bond intensity and had a large field effect mobility. A limited aging time ͑14 days͒ enhanced the mobility of OTFTs from 0.05 to 0.67 cm 2 / V s. This improved mobility is due to the higher C = C bonds on the AlN surface, which lower the surface energy. This reduction in surface energy may increase the pentacene island size and area coverage in the initial stage of pentacene growth. The enhanced electrical performance of pentacene-based OTFTs is closely related to carbon attachment on the aged AlN dielectric surface. Carbon attachment should therefore be considered an important issue for developing a fabrication processes for pentacene-based OTFTs and other interface-sensitive devices.
